Introduction: The use of ultra-short RF pulses could achieve greater lesion depth immediately after the application of the pulse due to thermal latency.
INTRODUCTION
There is a current tendency toward shortening the duration of the radiofrequency (RF) application during the ablation of atrial fibrillation, 1 which obviously has to be accompanied by higher applied power to achieve a suitable lesion depth. Since atrial wall thickness is ∼2 mm, a depth around this value could be enough to produce transmural lesions. The potential advantages of the shorter duration would be: (1) to reduce total procedural time, (2) reduce the saline volume infused through catheter irrigation, and (3) reduce possible complications, such as steam pops. 1 From a biophysical point of view, using very short RF pulses would mean that the size of the thermal lesion depends almost exclusively on the electrical energy deposited (Specific Absorption Rate, W/m 3 ), instead of on the thermal conduction phenomenon. In theory, the thermal lesion size would thus depend on the electrical conductivity of the tissue and not on its thermal conductivity; and the lesion would be created instantly, for as long as the pulse lasts. However, this might not be so simple if the thermal latency phenomenon after short RF pulses (5 − 10 seconds) remains relevant. 2 Thermal latency implies that tissue temperature continues to rise after termination of the RF application. Our goal was thus to determine the behavior of the thermal latency phenomenon after short RF applications in a computer model. [3] [4] [5] Even though previous computer results have not shown thermal latency to have a significant role in determining lesion size after long RF applications, 5 we hypothesized that it could play a different role after very short RF pulses.
A B F I G U R E 1 (A) Elements of the model (out of scale). (B) Electrical
and thermal boundary conditions imposed in order to obtain a unique mathematical solution [Color figure can be viewed at wileyonlinelibrary.com]
METHODS
As this study used a computational model, consequently no ethical approval was required. Figure 1A shows the computational domain of the model developed, which included a fragment of atrial wall (1.5 mm thickness) and a 7-Fr 3.5-mm long irrigated electrode placed perpendicularly on the endocardium (0.5 mm insertion depth) and surrounded by blood. The domain is completed with a sufficiently large fragment of connective tissue. Figure 1B shows the boundary conditions required to solve the problem. The dispersive electrode (voltage at zero volts, U = 0 V) is assumed to be on the boundaries of the connective tissue and at a sufficient distance from the active electrode. These boundaries represent a surface of ∼150 cm 2 , which approximately coincides with the area of a standard dispersive electrode. The temperature distribution within the tissue was obtained by solving the bioheat equation. 6 Table 1 shows the physical characteristics of the tissues and materials employed in this model. 3, 7, 8 The irrigated electrode was modeled by fixing a value of 40 • C in the cylindrical zone of the electrode tip while RF is activated (see gray zone in Fig. 1B) , and leaving it free once RF stops. The temperature at the semispherical tip was not fixed (free at all times). 3 The thermal effect of the circulating blood in the cardiac chamber (assuming high flow) was modeled using thermal transfer coefficients between blood and the tissue (h T = 610 W/m 2 K) and between blood and the electrode (h E = 3,346 W/m 2 K). 6 Intramyocardial perfusion was assumed to be 1,026 mL/minute/kg, 7 and to cease irreversibly once tissue was completely damaged. In contrast, the blood perfusion in the connective tissue was discarded, due to its being negligible compared to the cardiac tissue (37 vs. 1,026 mL/minute/kg). 7 Both the initial temperature and the temperature of the surfaces away from the active electrode were initially assumed to be 37 • C. The latent heat associated with tissue vaporization at a temperature of 100 • C was included in the model by applying the enthalpy method. 5 The c (J/kg⋅K) b (1/s) Atrial wall (heart muscle) [7] 0 = electric conductivity; k = thermal conductivity; = density; c = specific heat; b = blood perfusion. a This value was adjusted in order to achieve a total impedance of 130 Ω.
the lesion depths just at the end of the RF pulse (t ON-RF ) with those computed after a longer duration (t ON-RF + t POST-RF ).
We also modified the model shown in Figure 1 to mimic the experimental conditions in the study by Wittkampf et al., 2 who used a dry electrode (7 Fr, 4 mm) to apply short-duration (5 seconds) voltage pulses on a preparation of skeletal muscle and measured the temperature evolution at the electrode tip at depths of approximately 2, 4, and 7 mm. The characteristics of the skeletal muscle used in the simulations were: electrical conductivity of 0.28 S/m, 10 thermal electrical k 0.56 of W/m⋅K, 7 specific heat c of 2,624 J/kg⋅K, 7 and density of 1,090 kg/m 3 . 7 We simulated a 40 V pulse, which implied an applied power of ∼14 W (over an electrical impedance of 115 Ω). This power value is lower than that used by Wittkampf et al. 2 since our computational domain only considered a part of the real physical domain. As in Wittkampf et al., 2 we analyzed the progress of the temperatures measured at depths of 2-and 4-mm, and calculated three characteristics associated with the thermal latency: (1) timing of maximum temperature, (2) time between termination of the pulse and point at which temperature returned to end-of-pulse value, and (3) 
RESULTS
The outer dimensions of the model (X and Y) were checked using a sensitivity analysis in which we assessed how location of Ω = 1 isoline was modified when X and Y were equally enlarged. An optimal value of X = Y = 40 mm was determined, since an additional increase of 1 mm meant that the Ω = 1 isoline shifted less than 0.1 mm. The same procedure was conducted to obtain the optimal meshing size, which ranged from 200 m (at the electrode-tissue interface) to 1 mm (on the outer dimensions of the model). The models had around 4,000 elements and a time-step of 0.1 seconds.
Once the model had been appropriately modified to mimic the experimental conditions of a previous study, 2 we computed the evolution of temperature at the electrode tip and depths of 2 mm and 4 mm. t max = timing of maximum temperature; t dur = time between termination of the pulse and point at which temperature returned to end-of-pulse value; ΔT = additional rise in temperature after the pulse.
F I G U R E 2
Temperature evolution computed at the electrode tip, and at depths of 2 and 4 mm by using an in silico model modified to mimic the experimental conditions of a previous study. 2 Note the thermal latency characterized by a delayed rise in tissue temperature once the 5-second RF pulse has ceased [Color figure can be viewed at wileyonlinelibrary.com] t dur at a depth of 2 mm (see Table 2 ), but unfortunately could not do the same with ΔT or the thermal behavior at 4 mm. Despite this, the model was on the whole able to reproduce the phenomenon of thermal latency observed in the experiments (as shown in Fig. 2) . Finally, the results obtained when the optical fibers were included in the model were almost identical to those obtained without them. Figure 3 shows the temperature distributions at different times after application of a 5-second RF pulse. Although thermal latency has been known to raise tissue temperatures after the RF pulse has ceased (see, e.g., Fig. 2 ), the maximum temperatures (see Fig. 3 ) were computed exactly at the termination of RF delivery (Fig. 3A) . However, as can be seen in Figure 3B , the tissue temperature is still high (∼70 • C) 5 seconds after termination (Fig. 3B) . Furthermore, the hottest point is now inside the tissue as the cooling phase progresses, which appears to indicate that the thermal lesion is getting deeper. This is evident from the evolution of the thermal damage contours (dashed lines in Fig. 3) . Interestingly, the increased width of the lesion is almost negligible compared to the depth. Figure 3 also suggests that with a 5-second RF pulse, the thermal lesion depth almost reached its maximum value 10 seconds after RF pulse cessation (Fig. 3C) .
In this respect, Figure 4A shows the progress of the thermal depth for different RF pulse durations keeping the delivered energy constant.
It can be seen that the shorter the RF pulse duration, the deeper the lesion depth during the cooling phase. For instance, for a 10-second pulse, lesion depth is 2.05 mm right at the end of the pulse, and then grows by 17% to 2.39 mm. For an ultra-short RF pulse of only 1 second, the lesion depth grows by 37% from 2.22 mm to 3.05 mm.
More importantly, the results also revealed that short applications to match the applied total energy): 2.39, 2.81, and 3.05 mm, for 10-, 5-, and 1-second pulse, respectively, which implied an increase of 28% between 1-and 10-second pulses. Note that lesion depths were almost identical at the end of each pulse: 2.22, 2.16, and 2.05 mm, for 1-, 5-, and 10-second pulse, respectively. The differences found (less than 10%)
were due to the change in electrical conductivity during heating, which involved minor differences in the applied total energy (146, 143, and 140 J, for 1-, 5-, and 10-second pulse, respectively).
While shortening the pulse duration allowed enlarging the lesion depth, the associated increase in applied voltage caused overheating in the tissue. Figure 4B shows the progress of the tissue temperature for different RF pulse durations assessed at a depth of 1 mm (which was the maximum value reached in the tissue). The high values of applied voltage employed in the case of 1-and 5-second pulses caused temperatures around 100 • C, which would coincide with the appearance of steam pops. Since this phenomenon has to be avoided for the sake of safety, we used computer simulations to determine how applied voltage could be appropriately reduced to reduce the number of steam pops and at the same time ensure that lesion depth remained at values similar to those obtained with longer pulses. The idea behind this is that lesion depth can increase during cooling and can compensate for using a lower applied voltage. In this respect, Figure 5A shows the progress of the thermal depth for different RF pulse durations when the applied voltage is chosen to obtain the same lesion depth (∼2.4 mm). Figure 5B shows the progress of tissue temperature for different RF pulse durations assessed at a depth of 1 mm. In this case the value of the applied voltage employed for a 1-second pulse did not cause temperatures of 100 • C, which suggests that it is possible to shorten the RF pulse,
to increase the applied voltage, and simultaneously avoid steam pops.
Therefore, the results also suggest that balancing the applied total energy is not the optimal strategy, since steam pops can still occur.
DISCUSSION
The phenomenon of thermal latency was initially introduced in an attempt to explain the unintentionally induced atrioventricular delay occasionally observed subsequent to RF application near the atrioventricular node. 2 This finding also showed that this phenomenon was only relevant for short pulses of less than 10 seconds, and the study did not have a great impact since RF ablations have employed longer durations (1-2 minutes) for many years. However, as it has recently been proposed to shorten RF pulse duration for atrial ablations, we considered that thermal latency merited a review in terms of exploring how this phenomenon increased lesion depth just after RF application. This fact is clearly relevant, since very shallow lesions are required under certain conditions due to the extreme thinness of the atrial wall.
First, the present results confirmed that computer modeling can effectively reproduce the additional rise in tissue temperature after termination of RF delivery, i.e., the thermal latency phenomenon as described by Wittkampf et al. 2 The differences between the experimental and computer results (Table 2) Since thermal damage is a process involving both temperature and time, it is by no means straightforward to determine experimentally how lesion depth increases just after the application of a shortduration RF pulse. For instance, although a well-designed setup based on agar gel including a thermochromic sheet can be employed, as in Bhaskaran et al., 1 this only provides temperature maps but not thermal damage contours. On the other hand, ex vivo and in vivo models can provide thermal damage contours, but are unable to differentiate between the contours created just at the end of the RF pulse and those produced at the end of the cooling phase. Computer modeling seems to provide a good alternative, since it can compute the degree of thermal damage at any time and is thus able to quantify the extra growth produced just after RF application.
Our computer results revealed two important issues. First, the shorter the RF pulse, the more the lesion depth increases during the cooling phase, i.e., the phenomenon of the thermal latency seems to be more relevant. For instance, for short pulses of 10 seconds, lesion depth will increase by 17% during the cooling phase and the increase can be as much as 37% with ultra-short 1-second pulses. This finding has two important clinical implications: (1) since accidental thermal injury could occur in the esophagus up to several seconds after applying an ultra-short RF pulse, any system aimed at preventing this injury based on luminal esophageal temperature monitoring and the subsequent cessation of RF power once a limit temperature is reached would not be effective; and (2) any image-based technology used to monitor real-time lesion growth during an RF ablation 11 should take into account the increased lesion depth after applying ultra-short RF pulses.
Second, we observed that shorter pulses created larger lesions, even though the applied total energy was more or less similar in all As limitations of this study, it should be mentioned that the irrigation electrode was modeled by an approximate method, which simplified the computation by ignoring the fluid dynamics problem, and blood circulation was not included in the model. Although this method is able to reproduce lesion depth and tissue maximum temperature fairly well, it fails to predict the blood temperature and the width of the surface lesion. 3 This means that no conclusion can be reached regarding thrombus formation on electrode and tissue surfaces. However, it is reasonable to assume that both the electrode surface and the tissue surface will cool quickly thanks to the circulating blood in the cardiac chamber. Thermal latency does not therefore seem to favor the formation of thrombi. Future modeling studies including the fluid dynamics problem should be conducted to confirm this hypothesis. Experimental studies will also be required to assess the impact of the thermal latency associated with the use of short RF pulses on formation of thrombi, steam pops, and the created lesion volume.
CONCLUSIONS
When short-duration high-power RF pulses are used, the thermal latency phenomenon seems to add to lesion depth after RF application by as much as 37% for ultra-short 1-second pulses. As the increased lesion depth was probably due to overheating, balancing the applied total energy when the voltage and duration parameters are changed is not the optimal strategy. In fact, lower voltage can be set in the case of short durations in order to obtain the same lesion depth as that created with longer durations while avoiding overheating thanks to the increased lesion depth during cooling (especially important with short pulses).
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